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Introduction: A yariety of measures have been developed over the last decade to 
describe the general features of mass and/or galaxy distributions such as percolation 
--~-- -- -- -·-~---
analysis, the genus; the-riiTiiimarspanfiing tree;and·contourcrossing-statistie;- -l'he-goal-o~---­
all of these measures is to describe our local universe so that the predictions of large-
scale structure theories can be compared to' survey data. Percolation analysis 
accomplished this be characterizing the topology of mass and/or galaxy distributions. 
The topology of surveys can then be compared to the topologies of computer simulated 
distributions to evaluate theoretical predictions. 
Problem: Many of the obstacles inherent in a problem such as describing the large-scale 
structure of the local universe have been overcome buy the measures listed above and 
very encouraging results have been obtained by the analysis of numerous surveys. 
Unfortunately, one of the errors that has not yet been studied or evaluated is the redshift 
distortion inherent in astronon1icalsurveys. The errors associated with these distortions 
have the potential of obscuring or negating the conclusions drawn about the nature of the 
large-scale structure revealed in a particular astronomical survey. This study aims to 
clarify the effect of redshift distortions on the topology of a mass distribution as 
measured. by Percolation Analysis. 
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Methodology: N-body simulations are used as the raw data to measure the effect of 
redshift distortions on the topology of a "mass" distribution as character~zed by 
Percolation A:nalysis:--Thesimulations-used in this study-track-the-positions ·and-------------
velocities of 323 particles given initial positions and evolved under the influence of 
gravity. The simulations are distinguished by their initial conditions which are consistent 
with a power spectrum, P(k) = Akn , .where n is the spectral index. The value of n in this 
study ranges over (a ) -2, (i =) -1 and (q =) 0. The simulations are also described by a 
letter indicating the amount of time the simulations have been evolving. The earliest time 
(and least evolution) is labeled c, the intermediate time e and the longest time g. The 
positions of the particles as given by the N-body simulations are considered the "real" 
positions of the particles and the particles are then displaced according to their "peculiar 
velocities" and Hubble's Law to give the "redshifted" distribution. The value of 
Hubble's constant is assun1ed to be 70 km/s/Mpc. The real and redshifted distributions 
are then averaged to produce density fields. The real and redshifted density fields are 
analyzed by Percolation Analysis to determine any effects of the redshift distortions. 
- . - '· ,_ 
'· -
Percolation Analysis: Percolation on a ·density field defines regions with density values 
over a given threshold to be "clusters". The size and number of these clusters initially 
grows-with the lowering of the density threshold value. Adjoining _clusters merge until_ 
the density threshold is low enough in value that there is only one cluster left in the 
distribution. Percolation Analysis tracks two parameters as the density threshold is 
incrementally lowered: (1) the filling factor (FF), the fraction of the volume of the 
distribution that is above the density threshold, and (2) the largest cluster statistic (LCS), 
the volume of the largest cluster in units of the filling factor. The onset of "percolation" 
is indicated by a rapid growth in the LCS as a function of the FF (see graphs). The 
topology of the distribution is characterized by the value of the FF at the point where the 
LCS rises rapidly. The smaller the value of the FF at "percolation" the more connected 
(filamentary) the distribution. Percolation at larger values of the FF indicates a 
disconnected or clumpy distribution. A shift in the LCS function either left or right 
indicates a more or less connected topology for the distribution. 
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Conclusions: Redshift distortions can significantly and measurably shift the LCS. The 
shift can be either to lower or higher FF values causing the charac_terization of the 
----topology of the cli-sttibuti-on to-be-either-too-connected ·or-too· clumpy; --The-distortion--~----------­
effect is more pronounced in simulations established.with smaller (negative) initial 
.. 
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spectral index. The distortion also affects the LCS in a smooth and variable way with 
time (evolution). In the early stages of large-scale structure development, the redshift 
distortions increase the connectedness of the distribution (seen= -2, stage c) whereas in 
the later stages of evolution (stage g) the distortions decrease the connectedness. This 
trend is also evident in the n = -1 distribution and to a lesser extent in the n = 0 
simulation. One explanation of these results is that redshift distortions create structures 
like "fingers of god" that enhance connectedness in distributions where structure is just 
forming, but in well evolved distributions the redshift distortions actually break up 
structures that have formed . 
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Introduction 
Many scientists feel that knowing the structure of our universe can give an insi~ht into the 
universes beginning and the prob'!"ess it wi 11 continue to take and it's ultimate fate. M~pping of the 
I 
universe seems to be a good wav to become familiar with the universe. To map the un/verse 




determine its position. But are the maps of the universe accurate enough to make assumptions 
about the structure of the universe 
' 
' 
This paper uses N-bodv simulations to make a prediction about the effect redshift . ' 
distortions have on the structure ot" galaxy distributions. Based upon these results it can be 
predicted what effect the redshift survey distortions have on the topology of the universe. 
Background 
Redshift is a product of the Doppler effect. The Doppler effect is a shift in the spectral line 
caused by the motion of the object. l fan object has a velocity toward the person then. it will cause 
the light to travel faster toward the person the object will have a blueshift. If an object has a 
velocity directed away from the observer the light will move slower toward the persop, then the 
object will have a redshift. This redshift is shifts in the spectral lines of the visible li~ht waves. 
When an object has a redshift its spectral lines are shifted toward the longer wavelength or the red 
end of the visible spectrum. 
Senior Thesis II 3 Bill Criss 
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Photo courtesy of Kaufmann 
!:;./,.is the shift in the spectral line and '"" is the expected location of the spectral line. To relate the 
redshift to the velocity of the object the equation: 
z=v/c 
where v is the velocity of the object and c is the speed oflight. 
The universe is expanding. Therefore in general, Galaxies have a motion traveling 
away from the observer. This general motion of the universe is referred _to as Hubble flow. The 
Hubble flow causes an observer to view a redshift in most galaxies. Based on the Hubble flow a 
galaxy distance from an observer is directly related to its velocity. Once the object's velocity is 
I 
known we use Hubble's law to find its distance from the observer. Hubble's law is stated as: 
v=Hor 
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In this equation v is the velocity of the galaxy. The variable r is the distance from the 
observer to the galaxy. Ho is Hubble· s constant. The value of Hubble's constant is an area of 
debate for many scientists. The values range from 50 km/sec/Mpc to 100 km/sec/Mpc. The higher 
the value ofHubble's constant the vounger the universe. A value of SO km/sec/Mpc the age of the 
universe is 20 billion years old. 
Using the redshift to determine the distance to a galaxy is an easy and efficient method to 
locate galaxies. Unfortunately this method also has its downfalls. When mapping galaxies, 
distortions are often recognized Some such distortions are the finger of god and the bulls-eye 
effect. In the finger of god the galaxies appear to form radial lines pointing toward the observer. In 
the bulls-eye effect the galaxies appear to form rings around the observer. 
Picture courtesy of Y ess 
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In the previous picture the observer is located at the center of the image. The galaxie's appear to 
form radial lines pointing toward the observer. This is a representation of the finger of god. 
I 
The finger of god and the bulls-eve effect are distortions. The question is ho~ much or do . ' 
redshift distortions.affect the topology of the universe based on redshift surveys. 
The Research 
Preliminary Work 
The research was performed usmg computer-generated models. The simulated universe is 
referred to as an N-body simulation .\n \-body simulation places a galaxy at each integer point in 
the selected distribution. In these simulations the distributions are a cube of size 64. :Each unit 
corresponds to a megaparsec. The um verse has wrap-around boundary conditions. Using this 
boundary condition a galaxy mav actually leave one side of the distribution and reappear on the 
other side of the distribution as if the sides were a continuous loop. To begin the N- body 
simulation the initial distribution with a galaxy at each point is disturbed. This disturbance 
displaces several or all of the galaxies. The simulation is then allowed to run through a growth 
process. In this growth process gravity is the main factor. The galaxies react to each other based 
on the gravitational pull between each other. After a certain amount of time the simulation is 
stopped and the data is outputted to a file. This file contains the actual position of each of the 
galaxies and the velocities of each galaxy in the form of a three dimensional vector. Then 
simulation is then allowed to continue for another time then again interrupted and the output placed 
in a file. This process is repeated multiple times giving several different ages for the universe. 
The Program 
A computer program now had to be written to evaluate this information. The program first 
had to read the file, which contained the galaxies, locations and peculiar velocities. :I'hen the 




program located the observer at the center of the distribution. Next the radial velocity of each 
galaxy is determined using the three-dimensional velocities of each galaxy. This is a conversion 
from rectangular coordinates to polar coordinates. Using the radial velocity, the distanpe is 
' 
calculated using Hubble's law. The value for Hubble's constant used in the program is 50 . ' 
I 
km/sec/Mpc. Then using the radial distance a rectangular displacement is determined.: The 
displacement is added to the original positions giving out new positions for the galaxies. The new 
positions are then placed into an output file. Although, easy on paper this took several months to 
develop and several tests to determine if it actual performed the correct operations. 
Testing the Program 
The tests started simple then worked up to more complicated tasks. The first item was to 
test the file input of the program. :\n output statement was added to the program to output the 
input file just as it was read in. The program passed this test. The repositioning capability of the 
program was then tested using several tests. To determine ifthe program was repositioning the 
galaxies correctly would be difficult using a 3-D set of randomly placed galaxies. So a set of. 
galaxies in the shape of a sphere was produced. 
Senior Thesis II 7 Bill Criss 
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The sphere would be an easy shape to observe the movement of. The first tests used one-
' 
dimensional velocities. The first dimension tested was the'x-direction. A constant velocity was 
' 
assigned to each galaxy. The constant velocity should move each galaxy with a uniform motion. ·. 
' 
The result was exactly what would be expected. The galaxies moved predominantly i~ the x-
direction. Since the program uses radial displacements the shift would be expected i~ all directions 
but mainly in the x-direction. Following the x-direction test the program was tested in they and : 
. I : 
then the z-direction. After each test the resu~ts were observed, if any error occurred t~e program ' 
i 
was corrected to give the expected result. The code was then tested to see if it would;give the 
corrected results ifthe galaxies had different velocities. So a file was created to give ,half of the 
i 
galaxies a positive z-velocity and .the other half a negative z-velocity. It was expectep that the 
I 
sphere would split in the middle and move half of the galaxies upward and the other half 
1 
downward. 
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After the program successfullv passed all of the one-dimensional tests it was time to test the' 
' ' ' 
' I 
code with some two-dimensional peculiar velocities. The code was given constant velocities in 
' combinations ofxy yz and zx. The code successfully passed these tests so it was give? a three-
dimensional test. Which it again passed successfully, 
Knowing that the program gave correct results for an observer located in the center, it was' 
I I 
I : 
decided to expand the program to position the observer at random locations in the distributions and 
I 
I observe the· effects. The program located the observer at (32, 19, 19}. 
Senior Thesis II 9 Billi Criss 
1 ~ l, .. 
~~ ;:;::;~.~;;' - .. -: -
. ~·~·~·~··.~-·· 
.. · ..~··:-;:',-;_.;. : . 
40 
20 
:i:t~''5':~' _, y 0 10 
' 
The relocation of the observer caused an anomaly in some ofthe galaxies located near the observe( 
' If a galaxy had a large enough velocity directed at the observer then the galaxy would actually be 
I 
repositioned on the other side of the observer. The program was then corrected to acctjmmodate 
I 
' 
for this effect. In essence, it assumes that the locations of nearby galaxies are actually ~nown. 
Therefore nearby galaxies are not positioned based upon there peculiar velocities. Which would be 
acceptable to astronomers who can locate nearby galaxies with very good accuracy. 
Results 
Now that the code worked correctly it was time to run it on the actual data file~. The 
program was used on four different data files. The data files were labeled i64c.binv, i$4d.binv, 
i64e.binv, and i64f.binv. The letters c, d, e, and frelate to different time intervals at vlhich the N-: 
body simulation was stopped. 








'· ' . 
After an output file was obtained the initial file and the output file were percolated. 
Percolation is the statistics of clusters. Percolation analysis looks at different size volumes in the 
sample volume and compares them to the overall size. The largest cluster statistic is the size of the 
largest cluster divided by the sum of all the clusters. And the filling factor is the volurhe of all the: 
clusters divided by the volume of the sample. 
.... ···· ------------~ 
Percolation 
Filling Factor 
Percolation is observed at the middle of the graph, when the slope of the graph is jumping upward 
rapidly this is the observation looked for in the percolation results 




1 I i,. " 
The corresponding input and output files were percolated and plotted on the same graphs. 
For i64c.binv the percolation occurred near 0.17. The redshifted galaxies percolated nc,:ar 0.16. 
The redshifted galaxies percolating earlier implies that the redshifted galaxies appear t? be in 

















0 0.05 J l 0.15 0.2 0.25 0.3 
_.,...164c denoerc .?-·- 164cR.denperc t 
Senior Thesis II 12 Bill ,Criss 
l•1 I 1' o, I 
The data set i64d.binv produced similar results. The redshifted galaxies again ;:ippear to be 
clustering before the actual galaxies cluster. This time the percolation for the original galaxies 
occurred at about 0.16 and the redshifted galaxies percolated at about 0.14. The perco~ation of the 
original galaxies is expected to decrease in value as time progresses. This is due to the 
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164e. binv begins a transition period. The percolation line for the redshifted galaxies is now 
beginning to get closer to the percolation line of the original galaxies. The percolation of the 
redshifted galaxies still occurs first. for the most part. 
I 
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The data set i64f.binv now produces a new and interesting result. The percolation of the 
' 
actual galaxies is now first. The redshifted galaxies percolate after the actual galaxies. This 
I 
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Conclusion 
Based upon these results it can be concluded that the redshift distortion is a problem for the 
topology of the universe based on mapped data. At first the redshift actual makes the galaxies 
appear to be in clusters before thev actual are. But after an extended period of time the redshift 
distortion actual makes the clusters seem to be pulled apart. Therefore it can be concluded that the 
redshift distortions do have an effect on the topology of the universe. 
These results are not clear enough to tell exactly how much of an effect the distortions have. 
It will be the task of future researchers to actually determine what time frame the N-body 
simulations relating to the actual attc ot" our universe. Then a closer value of Hubble's' constant :will 
be needed. The answer is getting doser to being answered. 
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